Mutations in the global regulatory genes gacS and gacA render Pseudomonas syringae pv. syringae strain B728a completely nonpathogenic in foliar infiltration assays on bean plants. It had been previously demonstrated that gac genes regulate alginate production in Pseudomonas species, while other published work indicated that alginate is involved in the pathogenic interaction of P. syringae on bean plants. Together, these results suggested that the effects of gacS and gacA mutations on virulence in B728a might stem directly from a role in regulating alginate. In this report, we confirm a role for gac genes in both algD expression and alginate production in B728a. However, B728a mutants completely devoid of detectable alginate were as virulent as the wild-type strain in our assay. Thus, factors other than, or in addition to, a deficiency of alginate must be involved in the lack of pathogenicity observed with gacS and gacA mutants.
Alginate production has long been studied in the genus Pseudomonas due to the link between cystic fibrosis symptoms in humans and the isolation of mucoid Pseudomonas aeruginosa from patient lungs (2) . Since the production of extracellular polysaccharide had also been implicated in the virulence of several phytopathogenic bacteria such as Erwinia stewartii (3) and Ralstonia solanacearum (10, 22) , the strong foundation of the molecular genetics of the alginate biosynthetic pathway in P. aeruginosa (23) made a natural starting point for studies in closely related plant pathogens such as P. syringae that were also known to produce alginate (6) . The alginate biosynthetic genes in P. syringae are highly conserved compared to the P. aeruginosa biosynthetic cluster (5, 7, 17) . A role for alginate production in pathogenic interactions of P. syringae pathovars on their plant hosts had been suggested (4, 21, 27) . Mutant screens in another plant pathogen, Pseudomonas viridiflava, had demonstrated a link between the gacS-gacA regulon in that organism and the production of alginate and pathogenicity (15) . These results were reinforced by the finding that algD, a biosynthetic gene central to alginate production, requires gacS for its efficient expression in Azotobacter vinelandii (1) . The gacS-gacA two-component system is widely distributed in gram-negative bacteria and regulates diverse gene systems involved with moderating the bacterial interaction with the extracellular milieu. The two members of this gene pair, either singly or together, have been implicated in the expression of a wide variety of phenotypes in a number of bacterial genera. Of particular significance have been results that showed that gacS and gacA play a role in regulating virulence factors in animal pathogens such as Salmonella spp. (9) and Vibrio cholerae (26) . In P. syringae pv. syringae B728a, a causal agent of bacterial brown spot of the snap bean, gacS and gacA have been shown to regulate bacterial swarming, the production of syringomycin, protease, and N-acyl-L-homoserine lactone, in addition to the pathogenicity defects originally described (12; see also reference 13). However, none of these individual phenotypes have been directly related to the effects of gac mutations on pathogenicity. The requirement for gacS and gacA in alginate production (1, 14) and the reported involvement of alginate in pathogenic interactions on bean plants (27) made it seem possible that alginate was a significant contributing factor to the lesion-minus phenotype exhibited by gacS and gacA mutants of B728a. Here we report that this is probably not the case.
An ongoing project in our laboratory uses the reporter transposon TnlacZ to directly search for genes that are affected for expression in a B728a gacA mutant background (15; T. G. Kinscherf, J. J. Holmstadt, E. M. Ostertag, A. K. Savage, C. A. Hinkley, T. Kitten, J. L. McEvoy, and D. K. Willis, unpublished results). During the course of this work, two transposon insertions were isolated, cloned, and characterized as being in the algD gene. This locus encodes GDP-mannose dehydrogenase (2) and is the first gene in the alginate biosynthetic operon of P. syringae pv. syringae (17) . Partial sequence analysis indicated appropriately high similarities to Pseudomonas algD genes already in the GenBank database. A cosmid containing the TnlacZ insertion in algD was mated into strains B728a (wild type), BGAC⍀1 (gacA), and BSAL1 (salA). Potential kanamycinresistant, tetracycline-sensitive chromosomal exchanges were isolated in all three backgrounds and were checked by Southern blotting for the recombinational inheritance of the TnlacZ mutation (data not shown).
B728a was tested over a range of sorbitol and NaCl concentrations on mannitol-glutamic acid-yeast extract (MGY) plates at 28°C, and maximal alginate production (as evidenced by visual mucoidy) occurred in the presence of 0.6 M sorbitol (data not shown), in agreement with the previously published data (17) . In contrast, the algD exchange mutant BALG1 was nonmucoid and did not produce detectable alginate under these same conditions (Table 1) . Mucoidy was restored to BALG1 by the introduction of plasmid pSK2 containing the alginate biosynthetic cluster from the P. syringae pv. syringae strain FF5 (17) , indicating that the insertion in algD was causal to the nonmucoid phenotype. Maximal expression of the chromosomal TnlacZ reporter in strain BALG1 also occurred at 0.6 M sorbitol in MGY liquid medium (data not shown). Figure 1A shows the expression of the chromosomal algD1::TnlacZ reporter in various genetic backgrounds (wild type, gacA2::⍀, and salA1::⍀) in the presence or absence of 0.6 M sorbitol. The addition of 0.6 M sorbitol to the medium resulted in an approximately twofold induction of algD expression from all strains tested regardless of the mutational background. This twofold effect of sorbitol was independent of the presence or absence of the gacA gene (Fig. 1A) , although the lack of an intact gacA gene by itself caused a dramatic reduction of expression (12.7-to 16.7-fold) within both of the gacA mutant reporter strains tested. Expression of the algD reporter was restored completely by introduction of the gacA gene on a plasmid (Fig. 1B) . Table 1 shows that neither the gacS mutant NPS3136 nor the gacA mutant BGAC⍀1 produces alginate, confirming the regulation of the alginate pathway by this twocomponent regulator. The salA gene is a regulator of antibiotic production and virulence in B728a that is dependent upon gacS and gacA for its expression (13) . The salA mutant BSAL1 produced normal levels of alginate (Table 1) , and a mutation in salA did not significantly affect either the basal expression of the algD reporter or the twofold sorbitol induction of expression (Fig. 1) . In addition, the alginate production of the acylhomoserine lactone-deficient mutant BHSL (12) was not affected (Table 1 ). This indicates that alginate production lies in a separate branch of the gac regulon from salA. We also tested a collection of field strains of P. syringae pv. syringae and their respective gacS mutants (19) and, in all cases, alginate production (as judged by mucoidy on MGY medium containing sorbitol) was found to be gacS dependent (data not shown).
The effect of TnlacZ insertions in algD on the virulence of B728a on the snap bean (Phaseolus vulgaris) was tested in the same bean leaf infiltration assay we used to define the nonpathogenic phenotype of gacS and gacA mutants (Fig. 2) . Primary bean leaves were inoculated with our standard assay range of cell concentrations, i.e., 10 7 , 10 6 , and 10 5 CFU/ml. No difference in the virulence level was observed between B728a and BALG1 in three experiments, with lesion manifestation occurring with both strains at all of the tested inoculum levels. When the gacA mutant BGAC⍀1 was inoculated along with the other strains in the same experiment, no disease symptoms were observed for that strain, as always (Fig. 2) . Bacterial growth following infiltration of primary bean leaves was assayed using B728a(pLAFR3), BALG1(pLAFR3), and the alginate-restored mutant BALG1(pSK2) in a leaf infiltration growth assay (25) . The in planta population growth of the three strains was essentially identical over a period of 3 days (data not shown), at which time the level of necrosis made further collection of leaf disks problematic with all three strains.
The data presented here clearly support the inference from earlier work (1, 14) that gacS and gacA regulation of alginate production is general among pseudomonads and probably among other gram-negative bacteria. The profound effects of gacA mutations on the expression of algD would appear to be sufficient to explain the requirement for functional gacS and gacA genes in alginate production. The algD gene is the first gene in the P. syringae biosynthetic cluster and encodes GDPmannose dehydrogenase, an essential synthetic enzyme in the alginate pathway (17) . However, it is important not to oversimplify the situation, since it is clear that multiple levels of regulation are involved in this system. While sorbitol had only relatively small effects on algD expression, it was still absolutely required for the manifestation of mucoidy on plates. This suggests that osmolarity might be affecting the expression of other genes involved in alginate production. The algT gene has been shown to be osmoregulated and encodes a sigma factor ( 22 ) that is required for alginate production (11) . The conditional expression of this sigma factor would have the capacity to affect multiple loci within the biosynthetic cluster, and it may be the cumulative effects of this regulation that produces the requirement for osmotic stress that we observed. Previous studies measuring expression of an algD reporter on a plasmid reported significantly greater effects for sorbitol induction, possibly reflecting differences in plasmid copy number (17) . We found that a chromosomal location for the reporter was critical for the accurate determination of algD expression. Our preliminary tests using the algD reporter on a plasmid in P. syringae resulted in only a threefold gac effect on expression and no significant induction by sorbitol (data not shown). This effectively masked the separation of the gac and sorbitol effects that our chromosomal reporter demonstrated, with the twofold sorbitol induction occurring independently of the presence or absence of an intact gacA gene. The environmental signal(s) to which the gacS-gacA system responds remains unknown, and our results indicate that it is neither sorbitol nor the osmotic effects of sorbitol that provide this signal. This finding was reinforced by other experiments that showed that the expression of a salA reporter fusion, previously demonstrated to be strongly regulated by gacA (13) , was also unaffected by 0.6 M sorbitol (data not shown).
The lack of effect by a salA mutation on either algD expression or alginate production demonstrates that alginate production lies in the salA-independent branch of the gacS-gacA regulon. The salA gene was originally isolated as a copy number suppressor of gacS phenotypes in B728a and was subsequently found to encode a regulator that was dependent on the presence of intact gacS and gacA genes for its expression (13) . Phenotypes associated with salA mutations in B728a are defects in antibiotic production and severe attenuation of pathogenicity in laboratory assays. These represent a subset of known gacS and gacA phenotypes in B728a, and thus, salA effectively defines the branch point in the gac regulon leading to the manifestation of plant disease. From this perspective it is not too surprising that alginate production, being in the salA-independent part of the regulon, does not appear to play a major role in virulence. Repeated infiltration experiments failed to demonstrate deficiencies in lesion forming ability by the algD mutant relative to the wild type (Fig. 2) . Previous work reported by other investigators described a small decrease in lesion number in growth chamber experiments with a 6 CFU per ml in 10 mM phosphate buffer (pH 7.2). Bacteria were infiltrated locally into the leaves of 14-day-old bean plants. The photograph was taken 3 days postinoculation using a Kodak DCS420 digital camera. The arrows indicate the pathogenic reaction caused by infiltration of B728a or BALG1. The small circular wounds within the area infiltrated by BGAC⍀1 were caused by the infiltration process.
